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The effect of ionic radius of trivalent rare earth cations (RE
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) on the population at two square-antiprismatic sites
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 was studied by luminescence spectroscopic and X-ray crystal-
lographic measurements in the Eu/Y- and Eu/Lu-mixed systems.  The results indicated that a small RE

 

3

 

+

 

 cation favorably
occupies 

 

Site 

 

Ⅱ

 

 where RE

 

3

 

+

 

 is coordinated by four bridging O atoms of [SbW

 

9

 

O
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]

 

9

 

−

 

 and four terminal O atoms of
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.  With the help of a structural characterization of pure [(RE)
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 Er, Y, Dy,
Eu, Sm), the large occupancy of small RE
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 at 

 

Site 

 

Ⅱ

 

 was explained by a favorable coordination of [SbW
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 for
small RE
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.  A trial of the isostructural Lu complex unexpectedly showed formation of a novel [Lu
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 complex which consists of two [Lu(SbW
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 groups linked by [Lu(H
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 configuration.

 

Polyoxometalates bind rare earth ions (RE

 

3

 

+

 

/4

 

+

 

) to form co-
ordination complexes, where the polyoxometalate groups can
be regarded as O-donor ligands of RE

 

3

 

+

 

/4

 

+

 

.  Structural and
preparation chemistry of these complexes are of importance,
because the RE

 

3

 

+

 

/4

 

+

 

 cations function as linkers among polyox-
ometalate groups for huge high-nuclearity clusters.

 

1–3

 

  RE-con-
taining polyoxometalates have also attracted much interest due
to their photoluminescence properties

 

1,4–5

 

 and catalytic activi-
ties.

 

6–8

 

We recently reported a RE-polyoxotungstate complex,
[(RE)

 

2

 

(H

 

2

 

O)

 

2

 

(SbW
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O
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 (Fig. 1), which compris-
es two different kinds (

 

Site 

 

Ⅰ

 

 and 

 

Site 

 

Ⅱ

 

) of square-antiprismat-
ic sites for RE (Y, Sm, Eu, Dy, Er, and Ho).

 

9

 

  

 

Site 
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 consists of
two terminal O atoms from [SbW

 

9

 

O

 

33

 

]

 

9

 

−

 

, two aqua O atoms
(O

 

w

 

), and four terminal O atoms from [W

 

5

 

O

 

18
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6
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.  On the oth-
er hand, 

 

Site 

 

Ⅱ

 

 consists of four bridging O atoms from
[SbW

 

9

 

O

 

33

 

]

 

9

 

−

 

 and four terminal O atoms from [W

 

5

 

O

 

18

 

]

 

6

 

−.  This
paper describes the effect of ionic size of RE3+ on populations
at Site Ⅰ and Site Ⅱ in [(RE)2(H2O)2(SbW9O33)(W5O18)2]15−,
which was studied by photoluminescence spectroscopy and X-
ray crystallography in Eu/Lu- and Eu/Y-mixed system (ionic
radii for eight-fold coordination:10 Y3+, 1.019; Eu3+, 1.066;
Lu3+, 0.977 Å).  The results provide important information for
the construction of large RE-polyoxometalates.  Although
there are a few other examples of polynuclear complexes com-
prising non-equivalent RE sites,3,11–13 the effect of RE3+ size
on the site-population selectivity has not been discussed.  We
also report a novel trinuclear RE complex, [Lu3(H2O)4-
(SbW9O33)2(W5O18)2]21−, which was prepared by a trial of the
replacement of RE atoms in [(RE)2(H2O)2(SbW9O33)-
(W5O18)2]15− by Lu atoms.

Experimental

K15[Eu2(H2O)2(SbW9O33)(W5O18)2]•22H2O (1).14      1 was
synthesized by improving the procedure of the previous study.9

Sb2O3 (0.13 g, 0.89 mmol Sb) and Eu2O3 (0.32 g, 1.80 mmol Eu)
were dissolved in hydrochloric acid (12 mol dm−3, 4 mL) with

Fig. 1.   View of the [(RE)2(H2O)2(SbW9O33)(W5O18)2]15− an-
ion.  Only selected atoms are labeled.
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heating.  This solution was added dropwise to a tungstate solution
(at room temperature) which had been prepared by dissolving
WO3 (4.0 g, 17 mmol W) and KOH (2.5 g) in hot water (60 mL).
The solution pH of was kept at ca.  7 by aqueous KOH (ca. 1 mol
dm−3, 10 mL) during the addition, and finally adjusted to ca. 7. 5.
The solution was heated at 80–90 °C with stirring to reduce its
volume to ca.  50 mL, then cooled to room temperature.  The pre-
cipitate in the reactant solution was removed by filtration and the
filtrate was cooled to 5 °C for 1 d.  A transparent viscous phase ap-
peared at the bottom of the container, over which a few grains of
seed-crystals were added.  After 1 d, transparent crystals of 1 ap-
peared in the viscous substance.  The product was collected by fil-
tration after 1 week, and dried in air on filter paper.  Yield 1.1 g
(20% based on W).  Elemental analysis was performed on a X-ray
fluorescence analyzer (JEOL JSX-3200).  Observed K, 10; Sb,
2.2; Eu, 6.6; W, 59%.  Calcd  for H48O93K15SbEu2W19: K, 9.71;
Sb, 2.02; Eu, 5.03; W, 57.82%.

K15[Eu1.27Lu0.73(H2O)2(SbW9O33)(W5O18)2]•24H2O (2).15    2
was synthesized by a similar procedure using Eu2O3 (0.16 g, 0.91
mmol Eu) and Lu2O3 (0.18 g, 0.90 mmol Lu) with a Eu:Lu = 1:1
ratio.  Yield 2.2 g (40% based on W).  Obsd K, 9.8; Sb, 2.1; Eu
3.4; Lu, 2.2; W, 57%.  Calcd for H52O95K15SbEu1.27Lu0.73W19: K,
9.62; Sb, 2.00; Eu, 3.17; Lu, 2.10; W, 57.32%.

K15[Eu0.56Lu1.44(H2O)2(SbW9O33)(W5O18)2]•20H2O (3).15    A
mixture of Eu2O3 (0.08 g, 0.45 mmol Eu) and Lu2O3 (0.15 g, 1.35
mmol Lu) with a Eu:Lu = 1:3 ratio was used for the starting ma-
terial.  Yield 1.9 g (36% based on W).  Obsd K, 9.8; Eu 1.4; Lu,
4.2; Sb, 2.3; W, 59%.  Calcd for H44O91K15SbEu0.56Lu1.44W19: K,
9.71; Eu, 1.41; Lu, 4.17; Sb, 2.02; W, 57.84%.

K15[Eu0.87Y1.13(H2O)2(SbW9O33)(W5O18)2]•20H2O (4).14     A
mixture of Eu2O3 (0.16 g, 0.90 mmol Eu) and Y2O3 (0.102 g, 0.90
mmol Y) with a Eu:Y = 1:1 ratio was used for the starting mate-
rial.  Yield 2.7 g (50% based on W).  Obsd K, 9.6; Y, 1.8; Sb, 2.2;
Eu 2.2; W, 60%.  Calcd for H44O91K15Y1.13SbEu0.87W19: K, 9.88; Y,
1.69; Sb, 2.05; Eu, 2.23; W, 58.86%.

K15[Eu0.41Y1.59(H2O)2(SbW9O33)(W5O18)2]•18H2O (5).14     A
mixture of Eu2O3 (0.08 g, 0.45 mmol Eu) and Y2O3 (0.153 g, 1.35
mmol Y) with a Eu:Y = 1:3 ratio was used for the starting mate-
rial.  Yield 3.0 g (57% based on W).  Obsd K, 9.9; Y, 2.6; Sb, 2.2;
Eu 1.2; W, 62%.  Calcd for H40O89K15Y1.59SbEu0.41W19: K, 9.99; Y,
2.41; Sb, 2.07; Eu, 1.06; W, 59.52%.

K15[Eu0.22Y1.78(H2O)2(SbW9O33)(W5O18)2]•~20H2O (6).15

A mixture of Eu2O3 (0.04 g, 0.23 mmol Eu) and Y2O3 (0.357 g,
1.57 mmol Y) with a Eu:Y = 1:7 ratio was used for the starting
material.  Yield 2.7 g (51% based on W).  Obsd K, 9.8; Y, 2.7; Sb,
2.1; Eu 0.57; W, 62%.  Calcd for H44O91K15Y1.78SbEu0.22W19: K,
9.95; Y, 2.69; Sb, 2.07; Eu, 0.57; W, 59.27%.

K15[Y2(H2O)2(SbW9O33)(W5O18)2]•23H2O (7).14    7 was syn-
thesized according to the method reported previously.9  Yield 3.8 g
(72% based on W).  Obsd K, 10; Y, 3.5; Sb, 1.9; W, 58%.  Calcd
for H50O94K15Y2SbW19: K, 9.88; Y, 3.00; Sb, 2.05; W, 58.87%.

K15[Dy2(H2O)2(SbW9O33)(W5O18)2]•22H2O (8).14      8 was
synthesized using Dy2O3 (0.34 g, 1.8 mmol Dy) in a synthesis pro-
cedure similar to that of 1.  Yield 4.3 g (80% based on W).  Obsd
K, 10; Sb, 1.8; Dy, 6.3; W, 57%.  Calcd for H48O93K15SbDy2W19:
K, 9.67; Sb, 2.01; Dy, 5.36; W, 57.62%.

K21[Lu3(H2O)4(SbW9O33)2(W5O18)2]•31H2O (9).14      9 was
synthesized using Lu2O3 (0.36 g, 1.8 mmol Lu) in a synthesis pro-
cedure similar to that of 1.  Yield 2.2 g (40% based on W).  Obsd
K, 9.1; Lu, 5.6; Sb, 2.1; W, 57%.  Calcd for H70O137K21Sb2Lu3-
W28: K, 9.12; Lu, 5.83; Sb, 2.71; W, 57.20%.

IR Spectroscopy.16    IR spectra for 1, 2, and 6–9 were record-

ed on a Jasco FT/IR-410 spectrometer by the conventional KBr
disc method (the spectra were deposited as Fig. 4S).  All the ab-
sorption bands for 1, 2, and 6–8 were similar to those for the Sm-
and Er-analogs.  The spectrum for 9 is similar to those of other
complexes except for a stronger absorption band at 878 cm−1.

X-ray Crystallography.17    Single crystal X-ray structural
analyses were performed for compounds 1, 3–5, and 7–9.  The
single crystals were sealed in glass capillaries and mounted on a
Rigaku RAXIS-RAPID imaging plate diffractometer with mono-
chromatized Mo Kα radiation (λ = 0.71069 Å).  A numerical ab-
sorption correction (Numabs18 and Shape19) was made.  The struc-
tures were solved by SIR9220 and refined with full-matrix least
squares using all data collected.  All the compounds 1, 3-5, and 7-
8 are isostructural, containing [(RE)2(H2O)2(SbW9O33)-
(W5O18)2]15− anion (Fig. 1).  Since Eu and Lu (or Y) atoms are dis-
ordering among Site Ⅰ and Site Ⅱ in complexes 3, 4, and 5, the re-
finement was performed under the following conditions:
xyz(Eu)Site Ⅰ = xyz(Lu/Y)Site Ⅰ ; xyz(Eu)Site Ⅱ = xyz(Lu/Y)Site Ⅱ ;
Biso(Eu)Site Ⅰ = Biso(Eu)Site Ⅱ; Biso(Lu/Y)Site Ⅰ = Biso(Lu/Y)Site Ⅱ;
Occ(Eu)Site Ⅰ + Occ(Lu/Y)Site Ⅰ = 1.0; Occ(Eu)Site Ⅱ + Occ(Lu/Y)Site Ⅱ

= 1.0, where xyz(RE)Site Ⅰ/Ⅱ , Biso(RE)Site Ⅰ/Ⅱ , and Occ(RE)Site Ⅰ/Ⅱ de-
note positional and isotropic thermal parameters, and site occu-
pancies of RE at Site Ⅰ/Ⅱ, respectively.  The crystallographic and
refinement data are summarized in Table 1.

Photoluminescence Spectra.16    Light at 395-nm correspond-
ing to the Eu3+: 7F0 → 5L6 absorption was generated by a 500 W
Xe-lamp and a grating monochromator (Nikon G-250) and this
light was irradiated to freshly prepared samples 1–6.  The result-
ing luminescence was introduced to a grating monochromator
(SPEX 750M) equipped with a photomultiplier (HAMAMATSU
R-928) and scanned in 570–720 nm range.  The output signal was
processed with a lock-in amplifier (NF LI-575) and recorded.
Evacuation of the samples resulted in a small change in lumines-
cence spectra, probably because the ligand fields of Eu3+ are
slightly changed by the removal of crystallization water mole-
cules.

Results and Discussion

Photoluminescence Spectroscopy of [Eux(RE)2−x(H2O)2-
(SbW9O33)(W5O18)2]15− (RE = Lu and Y).    Although no X-
ray structural characterization for 2 nor 6 has been made, the
results for the elemental analyses and IR spectra strongly sup-
port the conclusion that 2 and 6 are isostructural with 1 and 3–
5.  Figure 2(a) shows room-temperature photoluminescence
spectra of K15[EuxLu2−x(H2O)2(SbW9O33)(W5O18)2]•nH2O (x
= 2.0 (1), 1.27 (2), 0.56 (3)).  The spectra are characteristic of
the Eu3+ f-f transition, comprising sharp lines due to 5D0 → 7FJ

(J = 0–4) transitions in the 580–710 nm range.  The feature of
the photoluminescence spectrum of K15[EuxLu2−x(H2O)2-
(SbW9O33)(W5O18)2]•nH2O depends on x, indicating that lumi-
nescence patterns of Eu3+ at Sites Ⅰ and Ⅱ are different and that
the ratio of Eu3+-population at the two sites varies with the
Eu:Lu ratio.  Figure 3 represents high resolution spectra of the
5D0 → 7FJ (J = 0, 1, 2, 4) transitions.  We categorized the
peaks into two groups, A and B: the A peaks exist in all 1–3
samples, while the B peaks lessen their relative intensities
(against A peaks) with a decrease of x.  A decrease of the Eu-
content in the samples from 1 (x = 2.0) to 3 (x = 0.56) brought
about a corresponding decrease of the occupancy of Eu3+ at ei-
ther Site Ⅰ or Ⅱ, as shown in the spectrum of 3 where A peaks
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are predominant.  The spectrum of 3 allows us to estimate the
B peaks-alone spectrum by subtracting the spectrum of 3 from
that of 1 with an optimized coefficient c (i.e.  {spectrum 1}-
c•{spectrum 3}), which is shown in Fig. 2(b).  The significant
difference in the luminescence pattern between 3 in Fig. 2(a)
and Fig. 2(b) can be attributed to a difference in local symme-
tries of square-antiprismatic crystal field for the two RE sites
(Fig. 1): an approximate local symmetry for Site Ⅰ is Cs due to
two long RE1-O70, -O71 bonds, and that for Site Ⅱ is C2v due
two long RE2-O52, -O53 bonds.9

An assignment of A or B peaks to Site Ⅰ or Ⅱ was made
based on the luminescence spectrum of [Eu3(H2O)3(SbW9O33)-

Fig. 2.   Room-temperature photoluminescence spectra of
K15[EuxLu2−x(H2O)2(SbW9O33)(W5O18)2]•nH2O (x = 2.0
(1), 1.27 (2), and 0.56 (3)) (a), the difference spectrum ob-
tained by {spectrum 1}-c•{spectrum 3} where c denotes an
optimized coefficient (b), and K15H3[Eu3(H2O)3(SbW9O33)-
(W5O18)3]•25.5H2O21 (c), Excitation wavelength: 395 nm.

Table 2.   Eu:RE Ratios and Refined Site Occupancies (Occ)
for the 3–5 Complexes

3 (RE = Lu) 4 (RE = Y) 5 (RE = Y)

Eu:REprep
a) 1:3 1:1 1:3

Eu:REanal
b) 0.56:1.44 0.82:1.18 0.42:1.58

Occ(Eu)Site Ⅰ 0.76(2) 0.62(1) 0.330(9)
Occ(RE)Site Ⅰ 0.24 0.38 0.670
Occ(Eu)Site Ⅱ 0.04(3) 0.25(1) 0.083(8)
Occ(RE)Site Ⅱ 0.96 0.75 0.917
Occ(Eu)Site Ⅰ + Occ(Eu)Site Ⅱ

:Occ(RE)Site Ⅰ + Occ(RE)Site Ⅱ 0.80:1.20 0.87:1.13 0.41:1.59

a) Eu:RE ratio loaded for the synthesis.
b) analyzed Eu:RE ratio in the complexes.

Fig. 3.   High-resolution photoluminescence spectra of 1–3:
5D0 → 7F0 (a), → 7F1 (b), → 7F2 (c), and → 7F4 (d).  The B
peaks decline their relative intensities against A peaks with
a decrease of the Eu-content from x = 2.0 (1), 1.27 (2) and
0.56 (3).

Fig. 4.   High-resolution photoluminescence spectra of 5D0 →
7F2 transition for 1 and 4–6.  The B peaks decline their rel-
ative intensities against A peaks with a decrease of the Eu-
content from x = 2.0 (1), 0.87 (4), 0.41 (5), and 0.22 (6).
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(W5O18)3]18− (Fig. 2(c)),21 because the coordination environ-
ment of Eu in [Eu3(H2O)3(SbW9O33)(W5O18)3]18− is similar to
that of Site Ⅰ.  Line profile and relative intensities of each 5D0

→ 7FJ transition in Fig. 2(c) are similar to those of 3 (Fig.

2(a)).  Thus, the spectrum of 3 (i.e. A peaks) can be assigned to
the emission mainly from Site Ⅰ, alternatively B peaks (Fig.
2(b)) can be assigned to Site Ⅱ.

In analogy to the Eu/Lu-system, luminescence intensities of
B peaks for K15[EuxY2−x(H2O)2(SbW9O33)(W5O18)2]•nH2O (x
= 2.0 (1), 0.87 (4), 0.41 (5), 0.22 (6)) decreased with decreas-
ing x.  Figure 4 shows high-resolution luminescence spectrum
of 5D0 → 7F2 transition for 1, and 4–6.16  It should be noted that
B peaks remain even at the lowest Eu-concentration (i.e. x =
0.22 for 6).  This indicates that RE size-selectivity of Site Ⅱ for
the Y/Eu-system is lower than that for the Eu/Lu-system, be-
cause the difference in ionic radius between Eu3+ (1.066 Å)
and Y3+ (1.019 Å) is smaller than that between Eu3+ and Lu3+

(0.977 Å).
X-ray Crystallographic Analysis of [(RE)2(H2O)2(SbW9-

O33)(W5O18)2]15−.    In order to estimate the population of RE
atoms in the two sites, occupancies of Eu, Lu, and Y at Site Ⅰ
and Ⅱ in 3, 4, and 5 were also analyzed by X-ray crystallogra-
phy under the conditions described in the experimental section.
Table 2 summarizes values of Occ(RE)Site Ⅰ/Ⅱ, Eu:REprep (initial
Eu:RE ratios loaded for the synthesis), and Eu:REanal (Eu:RE
ratios in the complex) for 3–5.  The {Occ(Eu)Site Ⅰ + Occ-
(Eu)Site Ⅱ}:{Occ(Y)Site Ⅰ + Occ(Y)Site Ⅱ} ratios for 4 and 5
(0.87:1.13 and 0.41:1.59, respectively) are approximately
consistent with the Eu:Yanal ratios (0.82:1.18 and 0.42:1.58,
respectively), indicating that the crystallographic refinement
for Occ is plausible.  However, one may point out that a rela-
tively large displacement of {Occ(Eu)Site Ⅰ+Occ(Eu)Site Ⅱ}:
{Occ(Lu)Site Ⅰ+Occ(Lu)Site Ⅱ} (= 0.80:1.20) from Eu:Luanal

(= 0.56:1.44) for 3, is probably due to a small difference in

Fig. 5.   Plot of RSbW9 vs rRE for [(RE)2(H2O)2(SbW9O33)-
(W5O18)2]15− (RE = Er, Y (7), Dy (8), Eu (1), Sm) (see
Table 3).

Fig. 6.   Ball-and-stick (left) and polyhedral (right) models of the [Lu3(H2O)4(SbW9O33)(W5O18)2]21− anion in 9 viewed along the
crystallographic C2-axis.  Only selected atoms are labeled.
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the scattering factors between Eu (atomic number 63) and Lu
(atomic number 71).  For all the samples, Occ(Eu)Site Ⅱ/
Occ(RE)Site Ⅱ values are smaller than the Eu:REprep ratios, and
Occ(Eu)Site Ⅰ/Occ(RE)Site Ⅰ are larger (Table 2).  Also, Occ-
(Eu)Site Ⅰ/Occ(Y)Site Ⅰ (= 1.63) is smaller than Occ(Y)Site Ⅱ/Occ-
(Eu)Site Ⅱ (= 3.00) for sample 4 with Eu:Yprep = 1:1.  These re-

sults let us conclude that a small RE atom favorably occupied
Site Ⅱ and a large RE atom Site Ⅰ, and that the selectivity for
small RE at Site Ⅱ is larger than that for large RE at Site Ⅰ.
These conclusions are supported by the fact that the peaks A/B
in the Eu3+-photoluminescence spectra for the Eu/RE-mixed
samples (Figs. 3 and 4) correspond to the Site Ⅰ/Site Ⅱ, respec-
tively.  We also point out that Occ(Eu)Site Ⅱ/Occ(Eu)Site Ⅰ (=
0.242) for 5 is larger than that (= 0.05) for 3.  This is approxi-
mately consistent with the fact that the relative intensity of
peaks B for 5 (Fig. 4) is larger than that for 3 (Fig. 3(c)).

The effect of RE3+ size on the RE–O bonding was studied
for five isomorphous (with a space group of P1) crystals of
K15−mHm[(RE)2(H2O)2(SbW9O33)(W5O18)2]•nH2O with RE =
Y (6), Sm,9 Eu (1), Dy (7), and Er9 containing one kind of RE
species (Table 1).  Table 3 lists RE–O distances and bond va-
lence sums (BVS)22 for RE–O bonds.  In order to evaluate the
bond strengths for RE23+≥[SbW9O33]9− and RE23+≥
[W5O18]6−, ratios of BVS for RE1–O67, –O68 (for Site Ⅰ) and
RE2–O47, –O52, –O53, –O58 (for Site Ⅱ) to the total BVS of
RE atoms are also listed as RSbW9 in Table 3.  Figure 5 shows
plots of RSbW9 values against ionic radius (rRE) of RE3+.  As
shown in Fig. 5, the RSbW9 value for RE2 decreases with in-
creasing rRE, while that for RE1 does not seem to be related to
rRE.  This indicates that the RE size-selectivity of Site Ⅰ is low
compared with that of Site Ⅱ (being consistent with the results
of the luminescence spectroscopy and X-ray structural analy-
ses for the Y/Eu- and Eu/Lu-systems), and that the large popu-
lation of small RE cations at Site Ⅱ results from stabilization of
the RE23+≥[SbW9O33]9− bonding in the formation of
[(RE)2(H2O)2(SbW9O33)(W5O18)2]15−, as supported by the in-
crease of yield of K15−mHm[(RE)2(H2O)2(SbW9O33)(W5O18)2]•
nH2O (RE = Y, Sm, Eu, Dy, Er, and Ho) with decreasing rRE.9

Molecular Structure of 9.    The structure of the new trinu-
clear complex, [Lu3(H2O)4(SbW9O33)2(W5O18)2]21− (Fig. 6), in
9 is regarded as a dimeric species of two [Lu(2)(SbW9O33)
(W5O18)]12− groups linked by a [Lu(1)(H2O)4]3+ cation.  The
[Lu(2)(SbW9O33)(W5O18)]12− group consists of a [SbW9O33]9−

ligand capped by a [Lu(2)(W5O18)]3− group; this is isostructur-
al with the [(RE)(SbW9O33)(W5O18)]12− fragment in the
[(RE)2(H2O)2(SbW9O33)(W5O18)2]15− anion.  The Lu–O bond
lengths are summarized in Table 4, where O52 and O53 atoms
are aqua-ligands (Ow) coodinating Lu1.  The distorted square-
antiprismatic geometry around Lu2 is similar to that of Site Ⅱ
in [(RE)2(H2O)2(SbW9O33)(W5O18)2]15−.  The Lu1 atom,
which is located on the crystallographic C2 axis, achieves
square-antiprismatic eight-fold coordination by four O atoms
[of O49, O50, and their symmetry-related atoms] which form
vacancies of the two [SbW9O33]9− ligands, and four aqua-
ligands (Ow) [of O52, O53, and their symmetry-related at-
oms].  The coordination geometry around Lu1 is schematically
represented in Fig. 7.  It is noteworthy that C2-symmetric
[Lu3(H2O)4(SbW9O33)2(W5O18)2]21− is chiral and a rotation of
one of the two [Lu(2)(SbW9O33)(W5O18)]12− groups around S8

axis of the Lu(1)O8 square-antiprism by about 90˚ produces its
enantiomer (Fig. 7).  The crystal of 9 contains both enanti-
omers with equimolar ratio because of the symmetries (centers
of symmetry and glide planes) of the space group C2/c.

It is also of interest to recall that coexistence of a small por-
tion of Eu (Eu:Lu = 1:3) resulted in formation of the dinucle-

Table 4.   Lu–O Distances (Å) in 9

Lu1–O49 ×2 2.39(1)
–O50 ×2 2.25(1)
–O52 ×2 2.41(1)
–O53 ×2 2.34(2)

Lu2–O23 ×1 2.26(1)
–O24 ×1 2.31(1)
–O25 ×1 2.28(1)
–O26 ×1 2.32(1)
–O29 ×1 2.30(1)
–O34 ×1 2.43(1)
–O35 ×1 2.44(1)
–O40 ×1 2.33(1)

Fig. 7.   Schematic drawing of the [Lu3(H2O)4(SbW9O33)-
(W5O18)2]21− anion in 9.  The shaded groups denote two
[Lu(2)(SbW9O33)(W5O18)]12− moieties.  The square-anti-
prismatically arranged eight O atoms around Lu1 are rep-
resented by open spheres.  The original conformation (top)
and the hypothetical enantiomer (bottom) formed by rotat-
ing one of the two [Lu(2)(SbW9O33)(W5O18)]12− moieties
(see text).
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ar [Eu0.56Lu1.44(H2O)2(SbW9O33)(W5O18)2]15− (i.e.  compound
3).  This indicates that a structural transformation between di-
nuclear and trinuclear complexes is strongly controlled by the
RE3+ species.

Conclusion

The effect of the RE species (i.e. ionic radii) on the popula-
tion in [(RE)2(H2O)2(SbW9O33)(W5O18)2]15− have been ex-
plored by Eu3+-luminescence spectroscopy and X-ray crystal-
lography.  The results indicated that small RE favorably occu-
pied Site Ⅱ in the [(RE)2(H2O)2(SbW9O33)(W5O18)2]15− anion,
due to a stronger RE–O bonding of [SbW9O33]9− bridging O
atoms with small RE3+ at Site Ⅱ.  In the mixed-RE system, the
larger the difference in ionic radii, the higher the size-selectivi-
ty at Site Ⅱ.  A novel trinuclear complex, [Lu3(H2O)4-
(SbW9O33)2(W5O18)2]21−, was formed by a use of Lu3+ (the
smallest of the RE's) under the synthesis procedure of
[(RE)2(H2O)2(SbW9O33)(W5O18)2]15−.  Capping of the [(RE)-
(W5O18)]3− group on [SbW9O33]9− is common for both anions.

This work was supported in part by Grants-in-Aid for Scien-
tific Research (No. 10304055 and 1274036) from the Ministry
of Education, Culture, Sports, Science, and Technology.
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